Abstract Stem cells of the adult vertebrate intestine (ISCs) are responsible for the continuous replacement of intestinal cells, but also serve as site of origin of intestinal neoplasms. The interaction between multiple signaling pathways, including Wnt/Wg, Shh/Hh, BMP, and Notch, orchestrate mitosis, motility, and differentiation of ISCs. Many fundamental questions of how these pathways carry out their function remain unanswered. One approach to gain more insight is to look at the development of stem cells, to analyze the "programming" process which these cells undergo as they emerge from the large populations of embryonic progenitors. This review intends to summarize pertinent data on vertebrate intestinal stem cell biology, to then take a closer look at recent studies of intestinal stem cell development in Drosophila. Here, stem cell pools and their niche environment consist of relatively small numbers of cells, and questions concerning the pattern of cell division, niche-stem cell contacts, or differentiation can be addressed at the single cell level. Likewise, it is possible to analyze the emergence of stem cells during development more easily than in vertebrate systems: where in the embryo do stem cells arise, what structures in their environment do they interact with, and what signaling pathways are active sequentially as a result of these interactions. Given the high degree of conservation among genetic mechanisms controlling stem cell behavior in all animals, findings in Drosophila will provide answers that inform research in the vertebrate stem cell field.
Stem Cells and their Niches
Adult stem cells are typically slowly cycling, undifferentiated and often multipotent cells. Through their mitotic activity, stem cells generate two types of offspring. First, they renew themselves, and thereby maintain a pool of proliferating stem cells. Secondly, they produce offspring that then become postmitotic and differentiate, or (more typically), that first undergo a phase of rapid cell division before differentiating. Since these dividing cells have a limited proliferative potential and eventually turn into differentiated progeny, they are referred to as transit-amplifying (TA) cells.
The part of the stem cells' environment that provides signals promoting stem cell self renewal is operationally defined as the stem cell niche. Niches can be quite different in the way in which they relate to stem cells spatially and developmentally [1] . The Drosophila gonads provide examples where the niche is represented by a small group of cells (the hub cells of the testis, cap cells of the ovary) that are in direct contact with the germ line stem cells (GSCs). Asymmetric mitosis of the GSCs causes one daughter cell to remain in contact with the niche, whereas the other daughter is pushed away from it and thereby loses its stemness [2, 3] . In the vertebrate hematopoietic stem cells (HSCs), the osteoblast layer lining the bone marrow cavity may act as a niche, and it seems more likely that a stochastic mechanism causes the transition from HSC to amplifying progenitor [4, 5] . In the Drosophila hematopoietic organ (lymph gland), diffusible signals and/or cellular extensions emanating from a specialized group of cells that form integral part of the lymph gland, called posterior signaling center, promote renewal of blood stem cells [1] . For most adult stem cells, the niche and niche associated signaling mechanisms have not yet been elucidated.
Stem Cells of the Mammalian Intestine
The mammalian intestinal epithelium is composed of terminally differentiated enterocytes and several types of secretory and endocrine cells (Fig. 1a) . In many parts of the intestinal tract, such as the mammalian small intestine, the epithelium is folded into finger-like processes termed villi. Sub-mucosal epithelial invaginations, called crypts, are found at inter-villar spaces or scattered over the surface epithelium. Enterocytes are specialized for the uptake and processing of nutrients. Secretory cells located in the villi, called goblet cells, produce mucus; secretory cells found in the crypts, called Paneth cells, produce antimicrobial peptides. Specialized secretory cells of the stomach, called parietal cells, produce hydrochloric acid. Endocrine cells, which are scattered all over the intestinal epithelium, release peptide hormones with specific regional distributions and functions [6] ; examples are secretin or CKK, produced in the duodenum (stimulates pancreatic bicarbonate secretion), or gastrin, produced in the stomach (increases acid secretion from parietal cells).
Intestinal stem cells are localized in the crypts. Similar to other organs, such as the skin or bone marrow, the intestinal crypts house two populations of stem cells, one that cycles very slowly (called "label-retaining cell"; LRC), and another one ("active stem cell") that cycles faster and is responsible for the rapid turnover of intestinal cells [7] (Fig. 1a) . Active stem cells are intermingled with the Paneth cells at the crypt bottom, and are also referred to as 'crypt-base columnar cells (CBCs). Both types of stem cells can be labeled by a number of specific markers, among them Lgr5 (CBCs), and Bmi1 (LRC). Recent findings [8] indicate a hierarchical relationship between these two stem cell types; removal of the CBC population resulted in an increased proliferation of Bmi1 cells, followed by the eventual replacement of the CBCs. Progeny of the intestinal stem cells (TA cells) populate the upper region of the crypts and, after a limited number of cell divisions, become postmitotic. Moving apically into the villus/surface epithelium they differentiate into the different types of intestinal cells [9, 10] (Fig. 1a) . Clonal analyses indicate that stem cells are multipotent; labeled clones, originating from individual CBCs, contained enterocytes, as well as secretory and/or endocrine cells [11] . This indicates that at the level of the stem cells in which the clones were induced, a decision between endocrine, secretory, and enterocyte fate had not yet been made. Multiple signaling pathways act among TA cells and early postmitotic cells to specify intestinal cell fate.
Stem Cell Niche and Niche Signaling
Signals acting on ISCs are derived from mesenchymal cells, as well as differentiated intestinal epithelial cells. Villi of the small intestine contain several classes of mesenchymal cells, notably the smooth muscle cells surrounding the lymphatic vessel in the core of the villus, and the myofibroblasts that form a network around capillaries subjacent to the intestinal epithelium [10, [12] [13] [14] [15] [16] (Fig. 1a, b) . Smooth muscle cells of the lamina muscularis mucosae extend basally of the crypts. Given their proximity to the epithelium, myofibroblasts are generally considered as the most likely source of signals acting on ISCs. Recent studies have shown that differentiated Paneth cells, which are intermingled with the stem cells at the crypt bottom, also provide signals that promote stem cell renewal [17] . Thus, crypt bottom stem cells and Paneth cells, grown in culture in the absence of mesenchyme, are able to produce complete crypt-villus organoids.
Members of the Wnt/Wingless family appear to reside at the center of the signaling network that promotes ISC renewal [18, 19] (Fig. 1b) . A crucial role of Wnt proteins as niche signals appears to be conserved in most stem cell systems. Wnt proteins are secreted by myofibroblasts and Paneth cells in the vertebrate intestine, and by visceral muscle cells of the Drosophila intestine [20, 21] . The activity of Wnt signaling is restricted to the crypt by the graded expression of several other signals, notably Wnt antagonists, Bone Morphogenetic Protein (BMP), BMP antagonists, and Hedgehog [10, 19] (Fig. 1b) . BMP signals are secreted by myofibroblasts of the villi. They antagonize the Wnt pathway by stabilizing PTEN and thereby reducing nuclear β-catenin [22] . Removal of BMP signals from the villi causes the stem cell population to invade the villi. BMP signaling is maintained by Hedgehog signals (Indian hedgehog, Ihh), secreted from the villus epithelium. Besides antagonizing Wnt, BMP and Ihh promote the differentiation of epithelial cells and mesenchymal cells in the villus. In the crypt, myofibroblasts produce the BMP antagonists Noggin and Gremlin, inhibiting the BMP pathway, and allowing for the Wnt signal (derived from crypt myofibroblasts and Paneth cells) to be active [10, 19] .
Notch signaling plays a complex role, (1) controlling the balance between self renewing stem cells and their differentiating progeny, and (2) determining the type of progeny. These same two functions of Notch were also observed in the Drosophila intestine, as detailed below. In neither vertebrate nor Drosophila is it clear whether these two functions are truly separable, or whether they represent aspects of one single signaling interaction. It was observed in numerous vertebrate systems that by decreasing Notch signaling, the ratio of enterocytes to secretory/endocrine cells is shifted towards the latter [23] [24] [25] [26] . At the same time, the number of proliferating cells decreases. These findings indicate that proliferating cells, as well as the absorptive enterocytes derived from them, require the activity of Notch. Enterocytes express the bHLH transcription factor, Hes-1, which is activated by the Notch pathway (Fig. 1b) . By contrast, secretory cells and endocrine cells exhibit a low level of Notch activity, and express the bHLH proteins Math1 and Neurogenin 3 [27, 28] (Fig. 1b) . The fact that the same bHLH family members act as fate determinants in neurons and endocrine cells may attest to a common evolutionary origin of these cell types [29] .
Development of the Vertebrate Intestine and its Stem Cell System
At an early stage of embryonic development, the vertebrate endoderm forms an epithelial tube in which all cells are mitotically active [24, 30] . In mammals, the embryonic gut wall is multilayered [31] [32] [33] . As the gut tube increases in surface area, the epithelium becomes folded into longitudinal folds (fish, amphibians) or villi (mammals). Villus formation is initiated with the condensation of mesodermal cells at locations that foreshadow the incipient villi, which happens around E14 in mouse development. Endoderm contacting the mesodermal condensations convert into a single layered epithelium that folds towards the lumen. Epithelial cells of the villi exit the mitotic cycle and differentiate as enterocytes, secretory cells and endocrine cells (Fig. 1c) . Endoderm in between villi remains multilayered, undifferentiated and mitotically active throughout the remainder of embryogenesis (Fig. 1c) .
In amphibians, which undergo metamorphosis, the larval gut degenerates by programmed cell death and is replaced by a new, adult gut. The larval gut does not have villi or folds, with the exception of one ventral, longitudinal fold called typhlosole [34] . Mitotic cells are scattered evenly throughout the larval gut epithelium. At the onset of metamorphosis, all larval gut cells initiate apoptosis. Progenitors of adult gut form clusters of mitotically active cells that reside underneath the basal surface of the larval epithelium, reminiscent of the adult gut progenitors in Drosophila (Fig. 2a, b) . Adult gut progenitor clusters grow, merge with each other and form a complete layer enclosing the degenerating larval gut in its lumen. The adult gut epithelium increases in surface area and forms longitudinal folds. At that point, as mentioned above for mouse intestinal development, cells within the folds exit the cell cycle and differentiate; only the troughs in between the folds retain populations of cycling, self renewing stem cells.
The same signaling pathways that control proliferation and differentiation along the adult crypt-villus axis are active during development. Endoderm cells secrete Hedgehog signals that act on the underlying mesoderm, promoting the proliferation, patterning and differentiation of smooth muscle cells and myofibroblasts [35] [36] [37] . Hh signals are also required to initiate reciprocal signaling of BMP from mesoderm to endoderm. Along with Hh, BMP signals are necessary for the proliferation and differentiation of mesodermal lineages [38, 39] . Wnt signals are expressed throughout the mesoderm; unlike in the adult, where Wnt activity is restricted to the crypt compartment (Fig. 2e) , Wnt signaling activity in the embryo is found in a widespread manner in the gut epithelium [33] (Fig. 2c) . This may reflect the fact that during the early stages of gut development, proliferation is still found in all cells.
How does the transition in Wnt activation and function from embryonic to adult occur? How are the graded patterns of expression of BMPs and their antagonists built from an initially uniform pattern? These questions need to be addressed in order to understand the birth of the adult stem cell population and its niche. We speculate that the adults ISCs are a "left over" of the population of embryonic gut progenitors. As the signaling environment changes at late embryonic/ early postnatal stages, most gut progenitors are driven towards differentiation. However, small niches that maintain an "embryonic milieu" remain, and protect gut progenitors in contact with the niches from differentiation. One prediction of this hypothesis is that the "specialized" adult ISCs share molecular and cellular characteristics with the "generic" embryonic gut progenitors. The extent to which that is the case remains to be established for vertebrate ISCs; in Drosophila, it clearly is true: as discussed in more detail below, all of the molecular markers of adults ISCs are expressed already by embryonic/ larval gut progenitors.
ISCs of the Drosophila Intestine
The Drosophila intestine shows four main divisions, the foregut, midgut, Malpighian tubules, and hindgut [40] (Fig. 3a) . The foregut and hindgut are descended from the embryonic ectoderm. These parts of the gut, which each is further subdivided into several smaller segments (pharynx, esophagus, proventriculus and crop for foregut; small intestine, large intestine and rectum for the hindgut), consist of epithelial enterocytes which secrete a cuticular layer at their apical surface. The foregut is required for the transport, storage, and mechanical processing of ingested food; the main role of the hindgut is the reabsorption of water. The midgut, derived from embryonic endoderm, is formed by enterocytes that lack cuticle and have a pronounced microvillar brushborder instead. Midgut enterocytes absorb and metabolize nutrients. The fly midgut also contains numerous types of secretory and endocrine cells. For example, the so called "copper cells" secrete hydrochloric acid, thereby corresponding to the vertebrate stomach parietal cells [41] . Endocrine cells produce different peptide hormones that act on gut and heart motility, as well as water reabsorption [42] [43] [44] [45] . The Malpighian tubules, a set of four epithelial tubes that filter and excrete hemolymph (the "blood" filling the body cavity), open into the digestive tract at the junction between midgut and hindgut.
Adult intestinal stem cells (ISCs) have been found in all four subdivisions of the Drosophila intestine. In the midgut [46, 47] and Malpighian tubules (where they were called renal stem cells or RNSCs) [48] , ISCs are evenly distributed, mesenchymal cells, scattered underneath the basal surface of the gut epithelium (Figs. 3a and 4a, A', c) . In the hindgut, ISCs form integral part of the gut epithelium. They are restricted to a narrow segment at the midgut-hindgut boundary (hindgut proliferation zone, HPZ; Figs. 3a, 4b, B') [49] . A similar zone of epithelial, proliferating cells has been recently described for the adult foregut [50] . Midgut ISCs divide frequently; in average, midgut cells are renewed approximately eight times during the 2 month life span of the adult female fly [47] . Similar to the Drosophila germ line stem cells or neuroblasts, midgut ISCs undergo asymmetric divisions. One daughter cell maintains ISC characteristics and keeps dividing; the other daughter cell, called enteroblast, exits the cell cycle and differentiates into either an absorptive enterocyte, or an endocrine cell (Fig. 3b) . In either case, this daughter cell then undergoes a mesenchymalepithelial transition as it inserts itself into the midgut epithelium. In the Malpighian tubules, stem cells behave similarly to the ISCs of the midgut. Restricted to the proximal part of the tubules, stem cells divide asymmetrically into one stem cell daughter that keeps self renewing, and one postmitotic daughter ("renalblast", RB) [48] . This postmitotic cell either differentiates locally, or migrates distally. Proximal tubules consist of a single type of cuboideal, epithelial cells, characterized by a large or intermediate size nucleus and a pronounced brush border (type I cell or "renalcyte"). Distally, one finds type I cells and a second type of cell, called type II or "stellate" cell, which is smaller and sends several lateral processes that intercalate in between neighboring type I cells (hence the descriptive name "stellate cell"). According to the clonal analysis of Singh et al. (2007) [48] , RBs differentiate into both type I and type II cells. Unlike midgut, the Malpighian tubules do not contain endocrine cells. The stem cell zones at the midgut-hindgut boundary, and the midgut-foregut boundary, consist entirely of small, undifferentiated, epithelial cells (Fig. 4b, B' ). Under physiological conditions, they cycle slowly, in a stochastic pattern [49] [50] [51] . In the hindgut proliferation zone, two different subdivisions were defined on the basis of molecular marker expression, cell shape, and cell cycle characteristics. The anterior, narrow segment of the HPZ, called spindle cell zone, is marked by high levels of expression of the JAK/ STAT activity reporter 10XStat92E-GFP and the Wnt/Wgpathway component, β-catenin. It contains cells that cycle very slowly. The posteriorly adjacent zone, marked by expression of Hh, cycles slightly faster [49] .
Signaling Pathways Controlling ISC Proliferation and Differentiation in the Drosophila Intestine
Recent genetic studies have elucidated several of the signaling pathways that control the proliferation and differentiation of gut progenitors in the larva, and ISCs in the adult. Best understood are the stem cells of the midgut. At least five signaling pathways, Notch, Wnt, JAK/STAT, EGFR, and Hippo, impinge upon the stem cell and control its cell cycle length (rate of proliferation), type of division (asymmetric vs symmetric), and differentiation (enterocyte vs endocrine cell). Wnt/Wg signaling, as described for vertebrate ISCs, promotes the rate of proliferation of midgut ISCs [21, 52, 53] (Fig. 3c) , and also leads to divisions that are (in part) symmetric. Thus, clones derived from ISCs lacking Wnt pathway activity are smaller than wild-type clones because they lose self-renewing ISCs [21] . The ligand, Wg, is expressed in a population of visceral muscle cells [21] ; another member of the Wnt family, DWnt-4, is expressed in a more widespread manner in the visceral musculature (ST and VH, unpublished data). These findings suggest that, similar to the vertebrate myofibroblasts, visceral muscle fibers provide a signal that promotes ISC self renewal.
Notch signaling plays a key role in midgut ISC self renewal, by promoting asymmetric as opposed to symmetric division of the ISC [46, 47, 54] (Fig. 3c) . ISCs express the ligand Delta (Dl), which activates the Notch pathway in the neighboring enteroblasts. Enteroblasts require Notch activity to differentiate; in the absence of Dl, or Notch, ISCs divide symmetrically, forming "tumors" of undifferentiated, mitotically active cells. By contrast, Notch activity is absent in ISCs; ectopic expression of Notch in ISCs drives these cells to exit the cell cycle and differentiate as enterocytes. Note that the role of Notch in self renewal described here is exactly the opposite of that seen in vertebrate ISCs, where [55, 56] . This does not reflect a general, species-related difference: in numerous instances in Drosophila, such as larval neuroblasts [57] , as well as ISCs of the hindgut (ST and VH, unpublished), Notch activity drives proliferation and inhibits differentiation. What complicates the interpretation of Notch function in midgut ISCs is that Notch also controls the fate of the enteroblasts. High levels of Notch activity in an enteroblast promote this cell to differentiate as enterocyte; low levels result in endocrine cell formation [54] . Tight adhesion between the ISC and its daughters are required for the Dl signal to become effective; the reduction in adhesion caused by loss of Drosophila E-cadherin results in a decreased frequency of enterocyte formation [58] . Enteroblasts, under wild-type conditions, will generate both cell types because the level of Dl, presented by the ISC, oscillates; it is not yet clear what mechanism causes this oscillation [54] .
Two other signaling pathways, JAK/STAT and EGFR, are activated in the ISCs to promote the rate of proliferation (Fig. 3c) . Ligands of EGFR are produced by visceral muscle cells, as well as differentiated enterocytes [53, 59] ; ligands activating the JAK/STAT pathway (Upd, Upd2, Upd3) are expressed in enterocytes, as well as ISCs themselves [60, 61] . This indicates that the Drosophila midgut does not harbor a spatially restricted niche; all cell types seem to contribute signals that promote self renewal of ISCs. EGFR and JAK/ STAT signaling are required to maintain gut homeostasis under normal conditions; they are upregulated when enterocytes are killed or stressed by bacterial infection. Under these conditions, Upd expression is greatly enhanced [60, 62, 63] . Recent data show that the Hippo pathway acts upstream of JAK/STAT and EGFR [64, 65] . Cellular stress in differentiated enterocytes blocks Hippo, which in turn leads to an increase in the production of Upd and EGFR ligands. In addition, the Hippo target, Yorkie, can act cell autonomously in the ISC itself as an activator of proliferation [66] .
Gene expression and genetic data suggest that all of the signaling pathways discussed above for the midgut ISCs may play a role in the remainder of the intestine as well. However, fewer details have been worked out to date. Wingless is expressed in a narrow ring of cells that form part of the HPZ stem cell region. Wingless activates proliferation; loss of this signal results in a loss of dividing cells, and also causes apoptotic cell death [49] . Hh, which is expressed further posteriorly in the HPZ and the adjoining differentiated hindgut, is required for hindgut differentiation [49] . Although JAK/STAT activity is found in the anterior region (the spindle cell zone) of the HPZ [49] , its function has not been elucidated yet. The strong upregulation of HPZ proliferation that results from experimental ablation of hindgut [51] is most likely the result of enhanced Upd signaling from the damaged tissue. Activation of the JAK/STAT pathway also drives proliferation of the stem cell population of the Malpighian tubules [48] .
Development of Drosophila Intestinal Stem Cells
Drosophila belongs to the group of holometabolous insects which undergo complete metamorphosis. Most organs (including the intestinal tract) of the larval body, which develops in the embryo, are destroyed during metamorphosis and are replaced by adult-specific organs. Progenitors of the adult intestine first appear in the embryo; they proliferate throughout the larval period, and undergo differentiation during the pupal stage (metamorphosis). We will summarize the major events of intestinal development, paying special attention to the mechanisms by which adult stem cell populations sort out from the larger pool of adult gut progenitors that differentiate.
The midgut arises from the embryonic endoderm, which forms an anterior and posterior cluster of proliferating, mesenchymal cells [40, 67, 68] . Initially, all dividing endoderm cells express escargot (esg), the marker for undifferentiated midgut stem cells [45] . The endoderm splits into an outer layer that reorganizes into the larval midgut epithelium, and an inner layer, that includes the progenitors of the adult gut (AMPs), as well as precursors of larval endocrine cells and secretory cells. As these two layers appear, expression of esg disappears first from the outer layer, indicating that cells of this layer lose their state as undifferentiated progenitors first. The outer layer is also the first to become postmitotic. The inner layer continues to divide for several hours and maintains expression of esg, but then downregulates this gene in all cells except for the prospective AMPs (Fig. 5,  step 1) ; the remainder of the inner cells differentiate as endocrine cells. In the larva, AMPs undergo 7-8 rounds of division in a parasynchronous manner [69] . Daughter cells resulting from the first three mitoses spread out over the basal surface of the early larval midgut epithelium. During late divisions, AMPs stay in contact to form "islands" or "nests" of small, diploid cells distributed evenly among the large, polyploid larval enterocytes (Fig. 5, step 4) . Within these nests, cells sort out into two structurally and molecularly different types, the central cells and peripheral cells. Peripheral cells, marked by high expression levels of 10XStat92E-GFP [45, 70] , are flattened, sheath-like cells that surround an inner mass of central cells, small, rounded cells with low 10XStat92E-GFP level, and continued proliferation. With the onset of metamorphosis in the early pupa, these two cell populations give rise to two separate epithelial layers: the central cells become the adult midgut epithelium (Fig. 5, step 5) , the peripheral cells form a transient pupal midgut epithelium, which is sandwiched in between the adult epithelium, and the inner mass of degenerating larval midgut cells [45, 71] (Fig. 5, steps 6, 8) .
Precursors of the adult midgut stem cells (pISCs) can be first detected within the adult midgut layer shortly after onset of metamorphosis (Fig. 5, step 5 ). These cells maintain high levels of esg, whereas all other descendants of the AMP islands (forming the pupal and adult midgut epithelium) lose this marker [45, 69] . pISCs perform several rounds of divisions during the pupal stage. Interestingly, these early divisions are different from the canonical asymmetric divisions described for the adult [45] . Thus, the first 1-2 rounds of mitosis are symmetric, increasing the overall number of pISCs (Fig. 6a) . During an additional 1-2 rounds performed in the late pupa, divisions become asymmetric; they produce the endocrine cells that populate the midgut of the eclosing adult fly (Fig. 6b) . Only after eclosion does the mode of proliferation of ISCs switch to a mode that produces both endocrine cells and enterocytes.
The picture that emerges from the findings summarized so far is that (1) a pool of adult gut progenitors is specified in the embryo; (2) these cells proliferate in the larva; (3) adult gut stem cells arise as a subpopulation from within the progenitor pool during metamorphosis. The same principle holds true when looking at the stem cells of the foregut and hindgut. From mid-embryonic stages onward, coinciding with the end of proliferation and onset of differentiation of larval hindgut cells, one can recognize near the anterior hindgut boundary a narrow domain, called "imaginal ring of the hindgut" or larval HPZ, whose cells remain small and undifferentiated [40, 72] (Fig. 5, step 3) . Cells of the larval HPZ are the adult hindgut progenitors; like midgut progen- itors, they express high levels of JAK/STAT activity, but are negative for esg [49] . Hindgut progenitors proliferate rapidly during the larval period until shortly after onset of metamorphosis. At that time, between 20 and 40 h after puparium formation, the larval HPZ rapidly expands, in a "telescope-like" motion, posteriorly (Fig. 5, step 7) , thereby displacing the larval hindgut whose cells undergo cell death. While expanding, adult hindgut cells start to differentiate. Surprisingly, cells at the anterior margin of the HPZ expand anteriorly, and differentiate as midgut cells [73] (Fig. 6c, e) . This demonstrates that, even though the larval HPZ shows structural characteristics of ectoderm and expresses molecular markers of hindgut, cells are able to differentiate into "endodermal" midgut cells. A small subset of cells of the larval HPZ remain undifferentiated. After upregulating 10xStat92E-GFP these cells resume proliferatory activity and give rise to the adult HPZ (Fig. 5, step 7) .
Adult stem cells of the Malpighian tubules (MTs) derive from a subset of midgut stem cells that migrate posteriorly [73] . Given that larval MTs cells survive metamorphosis and form the adult tubules, no proliferating progenitors are present in the larval MTs [48] . However, recent findings show that the proximal segments of the larval ureters degenerate, and are replaced by cells derived from the adult midgut progenitors (AMPs). Thus, as AMPs merge into the adult midgut epithelium (see above), this layer also spreads pos- teriorly and gives rise to the new proximal segments of the MTs [73] (Fig. 5, step 9 ; Fig. 6d, f) . The spreading epithelium carries with it presumptive stem cells which proliferate and subsequently spread out into the tubules.
Signaling Pathways Acting During Drosophila ISC Development
The signaling pathways controlling proliferation and differentiation in adult stem cells appear to act in a similar manner during development, where they control the behavior of adult progenitors. This comes as no surprise, because the task at hand is the same: to maintain a subset of cells in an undifferentiated state, and regulate their proliferation. In the developing midgut, Notch signaling is instrumental in restricting progenitor proliferation, and promoting the specification of enterocytes over endocrine cells. In embryos lacking Notch, or the ligand Dl, the endoderm remains mesenchymal and overproliferates; enterocytes do not form, and most cells express markers of endocrine cells [45] . During larval stages, expression of Dl becomes restricted to the central cells; concomitantly, Notch activity decreases in central cells, and increases in the peripheral cells, which as a result differentiate as the epithelial cells forming the transient pupal midgut [45, 70] . A reciprocal Dpp signal from the peripheral cells maintains low Notch activity and thereby promotes continued proliferation; abrogation of Dpp in peripheral cells causes central AMPs to differentiate into epithelial enterocytes [70] . EGF signals promote proliferatory activity of the AMPs [69] . An effect of JAK/STAT signaling and Wg signaling (from the visceral muscle layer) is likely, given the high level of activity of reporters for these pathways in the AMPs, but has not been tested experimentally yet. This also applies for the restructuring of the signaling environment that occurs during metamorphosis. During the first 24 h of metamorphosis, the larval visceral musculature de-differentiates; myofibrils and extracellular matrix is lost, even though the muscle cells themselves survive [74] , and unpublished data]. Around 40 h APF these cells re-differentiate into adult visceral muscle. This stage coincides with the time when adult stem cell precursors change their mode of division from symmetric self renewal to an asymmetric division that gives rise to endocrine cells. It is possible that the re-occurrence of visceral muscle and signals, like Wg, associated with these cells, may differentially activate Delta protein in pISC to change the fate of their daughter cells.
In the HPZ of the early larva, signaling activity of Wg, Hh and JAK/STAT are found in an overlapping manner. As the HPZ grows in length, these signals sort out such that Wg becomes restricted to the anterior border of the HPZ where it maintains cells in a proliferating mode [49] . Ectopic activity of Wg keeps the cells of the larval HPZ in a proliferating mode, and prevents differentiation. Hh has the opposite effect, priming cells of the larval HPZ to differentiate. A role of other pathways, including Notch and EGFR, appear likely, but have not been explored to date.
Conclusion
The findings reviewed above suggest that in Drosophila, ISCs originate from larger populations of adult gut progenitor cells which exist during the larval stage (Fig. 7) . A network of signaling pathways, presented by a "larval niche", are responsible for the ordered proliferation of the adult progenitors. It appears that the signaling pathways associated with the larval niche are largely the same that also act on adult ISCs. During metamorphosis, the "larval niche" largely breaks down, and adult gut progenitors differentiate. However, a small subset of progenitors survive the cataclysm, and become the founders of adult ISCs, which we call the "pISCs" (Fig. 7) . pISCs initially show several unique characteristics that gradually evolve into the distinctive phenotype of the adult ISCs. This "maturation" of pISCs is paralleled by the step-by-step reconstitution of niche elements. It therefore stands to reason that the signaling pathways that control ISC behavior, and that are associated with different niche elements (and dependent on a certain stage of differentiation of these elements) also "come back on line" in a step-wise fashion. In this lies the general significance of studying the development of stem cells: it helps one to understand the complex network of signaling mechanisms controlling stem cell biology, because development "dissects" this network in time. We postulate that the same will apply for the analysis of stem cell specification in the developing vertebrate intestine. As for the adult ISCs, one may anticipate that studies in Drosophila will be a driving force in formulating new hypotheses and approaches. 
